It is well known that one can use B → ππ decays to probe the CP-violating phase α.
If a full isospin analysis can be done, then new physics can be found solely through measurements of B → ππ decays. The most promising scenario occurs when the isospin analysis can be combined with independent knowledge of α. In all cases, the prospects for detecting new physics in B → ππ decays can be greatly improved with the help of additional measurements which will remove discrete ambiguities.
Introduction
Within the standard model (SM), CP violation is due to the presence of a nonzero complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix. This phase information can be elegantly displayed using the unitarity triangle [1] , in which the interior (CP-violating)
angles are called α, β and γ. In the near future, these CP angles will be extracted from the measurements of rate asymmetries in B decays [2] . As usual, the hope is that these measurements will reveal the presence of physics beyond the SM.
The canonical decay modes which will be used to measure the CP angles are B 0
d (t) → J/ΨK S (β) and B ± → DK ± (γ) [3] . Assuming that each decay is dominated by a single amplitude, the corresponding CP angle can be extracted with no hadronic uncertainties. Unfortunately, this assumption does not hold for the decay B 0 d → π + π − : in addition to the tree contribution T , there is also a penguin contribution P which may be sizeable [4] . Nevertheless, it is still possible to obtain α without hadronic uncertainties if a B → ππ isospin analysis can be performed [5] .
If new physics is present, it will contribute principally at loop-level, affecting B 0 q -B 0 q mixing (q = d, s) [6] and/or the b → q flavour-changing neutral current (FCNC) penguin amplitudes [7] . There are a variety of ways of detecting this new physics. For example, if there is an inconsistency between the unitarity triangle as constructed from measurements of the angles and that constructed from independent measurements of the sides, this will be a signal of new physics. However, there are two potential difficulties with this. First, measurements of the sides of the triangle require theoretical input regarding certain hadronic quantities. Depending on the size of the discrepancy, one might question the precision of the theoretical numbers.
Second, there are discrete ambiguities in extracting the angles, and it may be necessary to resolve these ambiguities in order to be certain that a discrepancy is in fact present [8] .
A more direct way of looking for new physics is to consider two CP asymmetries which in the SM are supposed to probe the same CP angle. For example, the angle γ can be measured via [9] . If the measured values of γ in these two modes disagree, this is a clear sign of new physics. Similarly, the angle β can be measured via B Unfortunately, in a recent paper [12] , we showed that this is not possible. In the SM, the largest contribution to the b → d penguin comes from an internal t-quark, and is proportional to V * tb V td . However, the contributions of an internal u-quark (V * ub V ud ) and an internal c-quark (V * cb V cd ) are not negligible [13] . It is therefore impossible to isolate any single contribution: using the unitarity of the CKM matrix,
it is always possible to write one amplitude in terms of the other two. And because one cannot isolate the t-quark amplitude, one cannot cleanly measure its phase. In Ref. [12] , we refer to this as the "CKM ambiguity." However, we also note that the CKM ambiguity can be resolved if one makes an assumption regarding the hadronic parameters involved in the b → d FCNC amplitude.
In this paper, we apply this idea to B 0 d (t) → π + π − . As mentioned earlier, this decay receives contributions from both a tree-level amplitude T and a b → d penguin amplitude P .
The isospin analysis essentially allows one to remove this penguin "pollution" and hence obtain a clean measurement of α. Of course, as argued above, there is not enough information to extract the phase of the t-quark contribution to the b → d penguin. However, if we make an assumption about the relative size of P and T , this provides us with the additional piece of information necessary to test for the presence of new physics. As we will show, in principle this method does indeed work: given an assumption about |P/T |, the isospin analysis can be used not only to obtain α cleanly, but also to see if new physics is present.
In fact, the isospin analysis is not even necessary. In the absence of new physics, the ratio |P/T | depends only on α and the quantities measured in
suffice to obtain |P/T |. If new physics is present, and affects the magnitude of P , then obviously the extracted value of |P/T | will differ from its SM value. However, a more interesting scenario is if the only effect of new physics is to produce a discrepancy between the weak phase of B mixing and that of the t-quark contribution to the b → d penguin. What is perhaps not obvious, but is in fact true, as we will show, is that even in this case, the extracted value of |P/T | will still differ from that which one would have obtained in the absence of new physics. Therefore, given a prediction for |P/T | and some knowledge of α (either from independent measurements or via an isospin analysis), the measurement of
Not surprisingly, however, there are some potential problems which must be taken into consideration. Most importantly, there are discrete ambiguities in extracting some of the phases necessary for the analysis. Their presence may make the discovery of new physics difficult, particularly since there will be errors associated with both the experimental measurements and theoretical predictions. In order to remove discrete ambiguities, it is necessary to be able to measure the same quantities in a variety of ways. For example, the search for new physics will be facilitated if we have independent information about α and are able to perform an isospin analysis. However, it may happen that, due to small branching ratios or poor detection efficiencies, one cannot measure the rates for the decays
Instead, only upper limits can be obtained, so that a full isospin analysis cannot be performed.
In this case, one has to examine the extent to which partial knowledge of these quantities helps in detecting the presence of new physics.
In this paper, we discuss all of these issues. We begin in Sec. 2 with a review of the 
Then the time-dependent decay rate for a B 0 d (t) to decay into a final state f takes the form 
where the T e iδ term includes the u-quark piece of the penguin amplitude, and P e iδ P contains the remaining contributions to the penguin amplitudes. The δ's are strong phases and the electroweak penguin contribution has been ignored [15] . In Eq. (4) Under such circumstances, an isospin analysis can be used to cleanly extract α. The
and
Thus, if we write
the isospin relation [Eq. (5)] implies T +0 e iδ +0 = T e iδ + T 00 e iδ 00 , P 00 e iδ 00
TheĀ amplitudes obey similar isospin relations.
In order to obtain α, we note that the magnitudes of the six amplitudes |A +− |, |A 00 |, 
This then fixes the relative orientations of the A-andĀ-triangles. However, the key point here is that this also fixes the relative orientations of the A +0 andĀ −0 amplitudes. Since the relative phase of these two amplitudes is just 2α [see Eq. (7)], this shows that the isospin analysis allows one to remove the penguin pollution and cleanly extract α.
Explicitly, α is found as follows. First, we define the relative phase between the A +− and A +− amplitudes to be 2α
. Second, the construction of the A-triangle allows one to measure Φ, the angle between the A +0 and A +− amplitude. Similarly, theĀ-triangle can be used to obtainΦ, the angle betweenĀ −0 andĀ +− . Φ andΦ are defined via cos Φ = (
Given that 2α is the relative phase between A +0 andĀ −0 , the angle α is then determined by 2α = 2α
Finally, it is useful to examine which measurements are really needed in order to carry out the isospin analysis. This analysis involves six amplitudes:
Experimentally, at best one can measure the magnitudes and relative phases of these six amplitudes, giving 11 measurements. However, due to the (complex) A andĀ isospin triangle relations, four of the measurements are not independent. Furthermore, we have |A +0 | = |Ā −0 |. Thus, of the 11 measurements, only six are independent. Three of these come from ). In practice, however, this is unlikely to be feasible. And in any case, since there are only six independent measurements, sin(2α
can always be expressed in terms of the other measurements. We will thus refer to α
as α ef f from now on.
In terms of measurable quantities, the quantities cos Φ and cosΦ defined in Eq. (9) can be expressed as
Note that these quantities depend only on ratios of branching ratios. Thus, the isospin analysis can be carried out with knowledge of only five of the six independent quantities. These are:
dir and 2α ef f . (Of course, in practice, all six independent measurements will be made.)
New Physics
The theoretical expressions for the amplitudes [Eqs. (4) , (6) and (7)] contain a total of seven physical parameters: α, θ NP , T , T 00 , P , ∆ ≡ δ − δ P and ∆ 00 ≡ δ 00 − δ P . With only six experimental measurements, it is obvious that one cannot solve for all these parameters (this was to be expected, given the CKM ambiguity [12] ). However, it is useful to express some of these parameters in terms of the measurable quantities and the angles α and θ NP . In particular,
we have
where we have defined y ≡ 1 − (a
(Expressions similar to these, for the case θ NP = 0, were first derived in Ref. [14] .)
The ratio of the magnitudes of the penguin and tree amplitudes for the B
mode then has the following simple functional form in terms of θ NP :
From this expression, we can see that, given measurements of α, a But since we are simply looking for θ NP = 0, this distinction is unimportant.)
Of course, theory will not, in general, predict a specific value for r, but rather give a range. And in fact, theoretical estimates of r, assuming no new physics, exist in the literature.
Fleischer and Mannel [16] quote the range 0.07 ≤ r ≤ 0.23 .
In view of the fact that Ref. [16] does not include the u-and c-quark contributions to the b → d penguin amplitudes, this range must be expanded. We therefore take what we call the "acceptable range of r" to be 0.05 ≤ r ≤ 0.5 .
We should remark here that recent CLEO data [17] finds that the branching ratios for B → Kπ, which are dominated by b → s penguin amplitudes, are larger than expected. This suggests that the b → d penguin amplitude may also be larger than expected. In addition, CLEO finds that the branching ratio for
, smaller than expected. Taken together, the data suggest that the P/T ratio may be quite a bit larger than the range shown in Eq. (16) , and that P and T interfere destructively to reduce the B
4 We note, however, that this naive picture is unlikely to be the full story. This explanation [18] of the measured branching ratios requires cos γ < 0, which is disfavoured by the SM [19] . Furthermore, the large branching ratio for B
cannot be explained within this picture. It seems likely that more complicated effects, such as final-state interactions or inelastic scattering, are coming into play [20, 21] .
Nevertheless, since the point of the paper is to explore the possibilities for finding new physics in B → ππ, we will continue to use the range given in Eq. (16) . It may well be that, by the time measurements of B → ππ decays are done, the theoretical range for r will have changed. However, the techniques described in this paper for finding new physics will still hold, since they do not depend on the exact values chosen for the lower and upper bounds on r.
If, for a certain set of measurements, the value of r obtained assuming θ NP = 0 is outside the range in Eq. (16) , this implies that new physics is present. One can then estimate the value of θ NP for which r is lowered to the acceptable range. Of course, this may not be feasible for all possible cases, and one may conclude then that the large r is due to new physics that does not contribute simply to the phase of the penguin diagram, but also alters its magnitude substantially.
New Physics: Potential Difficulties
In the previous subsection, we showed that, given measurements of α, a +− dir and α ef f , along with a theoretical estimate of the ratio of the penguin and tree amplitudes, one can extract θ NP . If θ NP is found to be nonzero, this will establish the presence of new physics. In practice, however, the situation not quite so simple.
First, as noted earlier, there are two ways that information about α can be obtained: either through independent measurements outside the B → ππ system, or via an isospin analysis.
One problem with the isospin method is that it may not be so easy to make all the measurements necessary to carry out the analysis. In particular, the decays B This branching ratio is about an order of magnitude larger than earlier estimates based on factorization. Thus, at this point in time, it is not clear how difficult it will be to perform an isospin analysis of B → ππ decays.)
Second, there are serious complications due to discrete ambiguities, and this holds regardless of whether or not an isospin analysis is done. Suppose, first, that one can perform the isospin analysis. In this case, using isospin relations, the angle α is determined by 2α = 2α ef f +Φ − Φ, where Φ andΦ are obtained from Eq. (9). Since only cos Φ and cosΦ are known, there is a twofold ambiguity in each of Φ andΦ, i.e. ±Φ as well as ±Φ are allowed in the equation for α. In addition, since it is the quantity sin 2 α ef f which is measured, 2α ef f is also determined up to a twofold ambiguity. Hence, 2α is obtained with an eightfold ambiguity.
The ratio r 2 itself has a fourfold ambiguity [see Eq. (14)]: the quantity cos(2α − 2α ef f )
takes two values, as does 2α ef f . In general, then, we will find four distinct possible values of respectively, this will give us information about 2α due to the unitarity triangle condition 2α + 2β + 2γ = 0 (mod 2π). However, as will be explained in the next section, this only determines 2α up to a fourfold ambiguity, which, along with the twofold ambiguity in 2α ef f , still leaves an eightfold ambiguity in r 2 . A more promising source of information is a B → ρπ Dalitz plot analysis [22] . With this method, one can obtain 2α with no discrete ambiguity. In this case, one is left with a twofold ambiguity in r 2 .
Ideally, we will be able to perform a complete isospin B → ππ analysis and have unambiguous knowledge of 2α from B → ρπ. In this case, we will obtain a single value of r 2 , which will allow us to test unambiguously for the presence of new physics.
Unfortunately, in the real world we will probably have to deal with one of the scenarios which gives r 2 with some number of discrete ambiguities. In the next two sections, we will analyze all of these scenarios. As we will see, even despite the presence of discrete ambiguities, and even if a full isospin analysis cannot be performed, there is still a significant region of parameter space where the presence of new physics can be clearly established.
We first suppose that only B 0 d (t) → π + π − has been measured. In this case, we will not have clean knowledge of the CP phase α. In order to use Eq. (14) to search for new physics, it will then be necessary to obtain knowledge of α from independent measurements. One possibility is to use the fact that, even in the presence of new physics, the three angles α, β and γ still correspond to the interior angles of a triangle [23] . That is, we have 2α+2β +2γ = 0 (mod 2π).
Thus, measurements of 2β and 2γ will indirectly give us information about 2α, even if new physics is present.
When one probes the CP phase β via B 0 d (t) → J/ΨK S , the function one extracts is sin 2β. This then determines 2β up to a twofold ambiguity. Similarly, the measurement of CP violation in B ± → DK ± gives sin 2 γ (or equivalently cos 2γ) which also yields 2γ up to a twofold ambiguity. Using the triangle condition, these two measurements therefore determine 2α with a fourfold ambiguity. Since the measurement of B [24] . This function can also be obtained through a study of 
to obtain the phase 2(2β + γ) without ambiguity [24] , and this knowledge will reduce the discrete ambiguity in both 2β and 2γ. Depending on which of these measurements are made, the discrete ambiguity in r 2 can be reduced to a fourfold or even a twofold ambiguity.
It is also possible to get at 2α directly. If one performs a Dalitz-plot analysis of B → ρπ decays, both sin 2α and cos 2α can be extracted [22] . This then determines 2α with no ambiguity. In this case, one is left with a twofold discrete ambiguity in r 2 , due entirely to the discrete ambiguity in 2α ef f .
For all possible scenarios of this type, the prospects for discovering new physics can be summarized in Fig. 1 . We consider 12 specific values of 2α, varying between 0 and 2π. For a given value of 2α, we show the region in 2α ef f -a One of these regions is for 2α ef f , while the other corresponds to π − 2α ef f , which reflects the fact that 2α ef f can only be measured up to a twofold ambiguity.
Depending on which measurements have been made, r 2 will be determined with an N- To give an example of how this works, suppose that the Dalitz-plot B → ρπ analysis is performed, and it is found that 2α = 180
• (present data suggests that α ≃ 90
• is the preferred SM value [19] ). If the measurement of B This point is made even sharper when one considers the fact that all measurements will include experimental errors. In Fig. 2 , we assume that 2α is known to be within a certain range (120 Fig. 2] ).
We then show the region in 2α ef f -a
space which is consistent with the SM. In this case the allowed region is visibly larger than that presented in the plots of Fig. 1 . It is therefore clear that if, due to the discrete ambiguity in r 2 , one is forced to superimpose several such figures, the prospects for detecting new physics will be considerably reduced.
Fortunately, the above analysis does not tell the whole story. Indeed, this analysis is incomplete: it does not take into account the fact that the isospin analysis must reproduce the independently-measured value of 2α. Now, it is rather obvious that, if the decays B 
Beyond
In practice, it is likely that we will have more information about B → ππ decays than just the
In the most optimistic scenario, the decays B + → π + π 0 and However, there are problems with this procedure. First, there will be errors associated with all measured quantities, which will lead to a range of allowed values for 2α. Second, as discussed in Sec. 2.3, the isospin analysis only determines 2α and r 2 up to an eightfold and fourfold ambiguity, respectively. As we saw in the previous section, these two facts may make it difficult to definitively establish the presence of new physics.
This situation can be improved if, in addition to the B → ππ analysis, we have information about 2α from other measurements. In fact, this is quite likely: by the time
are measured, experiments which yield independent information about 2α will probably have been performed. Various possibilities have been discussed in the previous section. For example, the measurements of sin 2β and cos 2γ, combined with the triangle relation 2α + 2β + 2γ = 0 (mod 2π), determine 2α up to a fourfold ambiguity. But this discrete ambiguity can be reduced by comparing these four solutions with the eight obtained from the isospin analysis. It is straightforward to see that, in general, there are only two val-ues of 2α which are common to the four solutions here and the eight solutions found in the isospin analysis. In addition, for a given value of 2α, the value of 2α ef f is fixed. That is, the discrete ambiguity in 2α ef f which affected the analysis of Sec. 3 has been removed here. The two solutions are then
and lead to a twofold ambiguity in r 2 . Furthermore, if both sin 2α and cos 2α can be measured via a Dalitz-plot analysis of B → ρπ decays [22] , the remaining twofold ambiguity will be lifted.
In this case only the true (2α, 2α ef f ) solution will remain, corresponding to a single value of r 2 . This is the key point: given an independently-determined value of 2α, the isospin analysis removes the twofold discrete ambiguity in 2α ef f , and hence in r 2 . As we will see below, this is an important ingredient in searching for new physics.
Thus, by combining an isospin analysis with independent knowledge of 2α, one can reduce the discrete ambiguity in r 2 , thereby improving the prospects for discovering new physics.
In this section, we assume that such independent knowledge of 2α will in fact be available.
The prescription to search for new physics then proceeds as follows. For a given set of The results are shown in Fig. 3 . In all cases, by comparing the SM-allowed 2α ef f -a We now turn to Case B, in which it is assumed that the ranges for the branching ratios Table 1 are considered from top (Case A) to bottom (Case E). In all cases, 2α is allowed to take a range of values, given above each of the two columns of figures. In all figures, the x-axis is 2α ef f and the y-axis is a +− dir . the allowed range for r 2 -may change by the time the measurements are done. However, regardless of the experimental and theoretical numbers, the analysis described here can be used to search for new physics.
Conclusions
In the near future, measurements will be made which will permit us to extract the CKM angles α, β and γ from CP-violating rate asymmetries in the B system. Hopefully, these measurements will reveal the presence of new physics.
There Unfortunately, this decay also receives a contribution from a penguin amplitude (P ) which may be sizeable, spoiling the clean extraction of α. However, it is well known that, by also measuring the decays B and hence obtain a clean measurement of α. In this paper, we have shown that, by making an assumption about the relative size of P and T , this isospin analysis can also be used to test for the presence of new physics.
In fact, it is not even necessary to measure the decays B If it is possible to perform a full isospin analysis, then independent knowledge of α is not needed -the isospin analysis itself yields 2α. However, here too the presence of discrete ambiguities may make it difficult to say with certainty that new physics is present. On the other hand, by the time the full isospin analysis is done, it is quite likely that we will have independent information about α. By combining this information with that obtained from the isospin analysis, one can reduce the discrete ambiguities substantially, thereby greatly improving the prospects for detecting new physics.
In summary, we see that there are a variety of scenarios to consider, depending on which measurements have been done. However, in all cases, the bottom line is the following: the analysis of B → ππ decays, combined with a theoretical prediction for the allowed range of |P/T |, can be used to search for the presence of new physics in the b → d FCNC.
